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ABSTRACT 
The building sector is one of the main energy consumers within the USA. Energy 
demand by this sector continues to increase because new buildings are being constructed 
faster than older ones are retired. Increase in energy demand, in addition to a number of 
other factors such as the finite nature of fossil fuels, population growth, building impact 
on global climate change, and energy insecurity and independence has led to the increase 
in awareness towards conservation through the design of energy efficient buildings. Net 
Zero Energy Building (NZEB), a highly efficient building that produces as much 
renewable energy as it consumes annually, provides an effective solution to this global 
concern. The intent of this thesis is to investigate the relationship of an important factor 
that has a direct impact on NZEB:  Floor / Area Ratio (FAR). Investigating this 
relationship will help to answer a very important question in establishing NZEB in hot-
arid climates such as Phoenix, Arizona. The question this thesis presents is: “How big can 
a building be and still be Net Zero?” When does this concept start to flip and buildings 
become unable to generate the required renewable energy to achieve energy balance? The 
investigation process starts with the analysis of a local NZEB, DPR Construction Office, 
to evaluate the potential increase in building footprint and FAR with respect to the 
current annual Energy Use Intensity (EUI). Through the detailed analysis of the local 
NZEB, in addition to the knowledge gained through research, this thesis will offer an 
FAR calculator tool that can be used by design teams to help assess the net zero potential 
of their project. The tool analyzes a number of elements within the project such as total 
building footprint, available surface area for photovoltaic (PV) installation, outdoor 
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circulation and landscape area, parking area and potential parking spots, potential 
building area in regards to FAR, number of floors based on the building footprint, FAR, 
required area for photovoltaic installation, photovoltaic system size, and annual energy 
production, in addition to the maximum potential FAR their project can reach and still be 
Net Zero. 
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NOMENCLATURE 
Term Description 
AC   Alternating Current 
DC   Direct Current 
DPR DPR Construction, a national technical builder specializing in 
highly complex and sustainable projects, named after the founders 
Doug Woods, Peter Nosler and Ron Davidowski. 
EBI   Energy Balance Index 
EPI   Energy Production Intensity 
EUI   Energy Use Intensity 
F   Fahrenheit 
FAR   Floor to Area Ratio 
ft
2
   Square Feet 
HVAC   Heating, Ventilation, and Air Conditioning 
kBtu   Kilo British Thermal Unit 
Kw-dc   kilowatt-direct current 
kWh   kilowatt-hours 
viii 
Term   Description 
LED   Light Emitting Diode 
LEED Leadership in Energy and Environmental Design is basically a 
third-party certification program. It is a nationally accepted 
organization for design, operation and construction of high 
performance green buildings. 
NREL   National Renewable Energy Laboratory 
NZEB   Net Zero Energy Building 
PV Photovoltaic 
PVWatts A web application developed by the National Renewable Energy 
Laboratory that estimates the electricity production of a grid-
connected roof- or ground-mounted photovoltaic system based on 
a few simple inputs. 
TMY   Typical Meteorological Year 
ZEV   Zero Emission Vehicles 
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The effect of Floor Area Ratio parameter on Net Zero commercial buildings located in 
Phoenix, Arizona 
 
CHAPTER 1 
INTRODUCTION 
Buildings are considered one of the main energy consumers in the world, in 
comparison to other end user sectors such as transportation and industry. Crawley, Pless 
and Torcellini stated a number of very important facts in regards to the energy 
consumption of buildings in the United States, and specifically the recent increase of 
energy consumption in the commercial building sector (2009). The facts and percentages 
of end use were gathered from the Annual Energy Review published by the US 
department of energy in 2005: 
Buildings have a significant impact on energy use and the environment. 
Commercial and residential buildings use almost 40% of the primary energy 
and approximately 70% of the electricity in the United States. The energy 
used by the building sector continues to increase, primarily because new 
buildings are constructed faster than old ones are retired. Electricity 
consumption in the commercial buildings sector doubled between 1980 and 
2003 and is expected to increase another 50% by 2025 (p. 1). 
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In addition to the increase in energy demand, there are a number of other 
important factors that have contributed to the increase in awareness towards energy 
conservation and the design of energy efficient buildings. Those factors are the finite 
nature of fossil fuels, population growth, building impact on global climate change, and 
energy insecurity and independence. Net Zero Energy Buildings (NZEB) are an exciting 
element of a solution to the problems of increased energy demand and impact of 
buildings on the environment. The design of a highly efficient building that produces as 
much renewable energy as it consumes annually provides a great solution to the global 
concern in regards to these important factors. 
The current work and research in NZEB addresses a number of aspects that help 
reach the desired goal, including design and technical considerations in regards to energy 
efficiency; commitment of the owner, architect, and builder towards the noble idea of Net 
Zero; and occupant behavior and education towards the continuation of Net Zero status.  
In addition, DeKay and Brown have published an interesting graph that helps architects 
in estimating the required photovoltaic surface area required for a building to achieve Net 
Zero status. This Graph of Photovoltaic Area Required focuses on two important 
elements within the building. The first is Energy Use Intensity (EUI), and second is the 
available surface area for photovoltaic installation in relationship with total building area. 
The intent of this thesis is to investigate the relationship of an additional factor 
that has a direct impact on NZEB: Floor / Area Ratio (FAR). Investigating this 
relationship will help in answering a very important question towards NZEB in hot-arid 
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climates such as Phoenix, Arizona. The principal question this thesis examines is: “How 
big can a building be and still be Net Zero?” 
To answer this question, the investigation process starts with an analysis of a local 
Net Zero building to evaluate the potential increase in building footprint and FAR with 
the current annual Energy Use Intensity. The building is DPR Construction, which has 
LEED Platinum certification, and is considered the first and largest commercial building 
in the world with NZEB certification. DPR Construction sets an example on how to 
achieve Net Zero in a harsh desert climate through the implementation of various passive 
elements and strategies to cool and light the building, as well as solar energy panels. 
The second step towards answering the question was through a thorough study of 
the Graph of Photovoltaic Area Required produced by DeKay and Brown for a location 
such as Phoenix, Arizona. Using the graph properly will provide an estimate of a ratio 
between required photovoltaic area to total building area with respect to anticipated EUI 
value for the project. 
Through the deep and detailed analysis of the local Net Zero Building, in addition 
to the study of the Graph of Photovoltaic Area Required, a FAR calculator tool is 
developed as a result of this thesis. The calculator combines two calculation methods: 
required photovoltaic area produced by DeKay and Brown, and PVWatts calculator, in 
addition to information obtained by a local Net-Zero precedent analysis in regards to area 
distribution and available PV area.  The FAR calculator tool developed for Phoenix, 
Arizona will need two important inputs: anticipated building EUI and lot area.  Using this 
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data, the calculator tool will automatically generate the following results: total building 
footprint, available surface area for photovoltaic installation, outdoor circulation and 
landscape area, parking area and potential parking spots, potential building area in 
regards to FAR, number of floors based on the building footprint, FAR, required area for 
photovoltaic installation, photovoltaic system size, and annual energy production.  The 
calculator tool will alert the user once the building passes the Net Zero limit with regards 
to FAR and will show that there is an insufficient area for photovoltaic installation for the 
building to achieve balance between energy consumption and energy production. The 
proposed tool can be modified to work for other locations in other climate zones, through 
the change of anticipated EUI values gathered from the graph, PVWatts section 
properties, and latitude.  
This research will help design teams in determining the potential of  their project 
through calculating a number of important elements within the project, in addition to the 
maximum potential FAR their project can reach and still be Net Zero.  
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CHAPTER 2 
LITERATURE REVIEW 
In order to discuss the effect of floor/area ratio on Net Zero commercial buildings, 
it is important to include the research that has helped shape the idea and execution of Net 
Zero energy buildings in their current form.  There are a multitude of studies that address 
the concept of NZEB, as well as the technological and design considerations of achieving 
Net Zero.  These definitions and concepts are important in establishing the connection 
this paper makes between Net Zero, Energy Use Intensity, and floor to area ratio. 
Net Zero Energy Buildings 
To generally define Net Zero, an NZEB is a building that produces energy as 
much as it consumes annually. Energy production can depend on various on-site and off-
site renewable energy resources such as Photovoltaic (PV), wind, biomass, and wood 
pallets. According to Holness (2011), “Prior to the Arab oil embargo in 1973, most 
building standards concentrated on health, safety and occupant comfort, not energy 
efficiency. That changed in August 1975” (p. 50). Since then, the focus of architects and 
engineers has shifted towards optimizing the energy efficiency in buildings in order to 
cope with the higher energy demands that go along with [population growth and 
nonrenewable energy resources. Not until recently was the concept of Net Zero Energy 
Building developed as an energy efficiency target. A conference paper produced in 2006 
by members of the National Renewable Energy Laboratory generated a very useful 
definition of NZEB as follows: 
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A net zero-energy building is a residential or commercial building with greatly 
reduced energy needs through efficiency gains such that the balance of energy 
needs can be supplied with renewable technologies...  At the heart of the [N]ZEB 
concept is the idea that buildings can meet all their energy requirements from 
low-cost, locally available, non-polluting, renewable sources… At the strictest 
level, a [N]ZEB generates enough renewable energy on site to equal or exceed its 
annual energy use. (p. 1-2) 
In order to have a better understanding of what constitutes a Net Zero Energy 
building, one must first understand how buildings use energy. Throughout the life any 
building, it passes through three major phases where energy is consumed: manufacture, 
operation, and demolition (Ramesh, Prakash, & Shukla, 2010). These three phases 
combined define what is called “Building Life Cycle Energy.” The manufacture phase 
includes the energy used in transportation of building materials in addition to 
construction. Operation phase includes all energy consumption activities by both building 
and occupants (cooling, heating, lighting, plug loads, etc.) during the lifespan of a 
building. Lastly, demolition phase includes the energy used in destruction and 
dismantling of building materials. The Net Zero Energy Building definition takes into 
account the operational stage of the building life-cycle energy, which amounts to 
approximately 90% of the total energy used throughout the lifespan of a building 
(Ramesh et al, 2010). 
Net-Zero Objectives   
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The main objective of designing and constructing a Net Zero Energy Building is 
to minimize the energy consumption of a building through passive design and the use of 
modern technologies, in addition to designing a building that can balance energy 
requirements with active energy production techniques and the use of renewable energy 
resources (Kolokotsa, Rovas, Kosmatopoulos, & Kalaitzakis, 2011).  In addition to the 
current increased focus on reducing energy consumption, there are a number of other 
factors that may lead a building owner to proceed towards a Net Zero project. Marseille 
(2011) provides a list that includes: 
● The finite nature of fossil fuels and population growth, which requires 
increased conservation and society-wide transformation towards 
renewable energy sources. 
● The constraints of many locations towards energy transmission 
infrastructure. 
● Concerns by global community about the impact of buildings towards 
climate change. 
● Fears about energy security and independence. (p. 389-390) 
NZEB provide an elegant solution for developers towards addressing growing global 
concerns and awareness of sustainability and related issues. 
Net-Zero Types & Definitions   
A Net Zero Energy Building can be defined and achieved in several ways and 
methods, depending on the availability of resources and boundaries of each project. There 
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are four types of NZEB, all of which use the electrical grid for net accounting but use 
different supply options when it comes to renewable energy resources. Each of the NZEB 
definitions have different implications in regards to energy accounting, in addition to the 
difference in regards to how the building will be designed and operated. The four types of 
NZEB are as follows: 
Net Zero Site Energy: A Site NZEB produces at least as much energy as it uses 
annually. It is typically measured through the utility meter available within the site 
(Marseille, 2011). 
Net Zero Source Energy:  A Source NZEB produces at least as much energy as it 
uses in a year, when accounted for at the source. Source energy refers to primary energy 
used to generate and deliver the energy to the site (Torcellini, Pless, Deru, & Crawley, 
2006). 
Net Zero Energy Costs: In a cost NZEB, the amount of money the utility pays the 
building owner for the energy the building exports to the grid is at least equal to the 
amount the owner pays the utility for the energy services and the energy used throughout 
the year (Torcellini et al, 2006). 
Net Zero Energy Emissions: A net-zero emissions building produces at least as 
much emissions-free renewable energy as it uses from emissions-producing energy 
sources (Torcellini et al, 2006). 
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Each of the above definitions takes into consideration that the supply energy is 
generated on site. Other ways of accounting Net Zero Energy Building is the use of off-
site renewable energy sources such as biomass fuel. Buildings depending on off-site 
supply for energy accounting would be called Off-site Net Zero Energy Buildings.  Off-
site NZEB can be achieved through using or purchasing renewable energy from off-site 
sources (Torcellini et al, 2006).  
Due to the desired outcome of the relationship between lot area, FAR, and the 
required on site photovoltaic area, this thesis will focus on the first definition of Net Zero, 
which is Net Zero Site Energy.  
Renewable Energy Sources & Hierarchy   
NZEB can utilize a number of renewable energy sources such as photovoltaic, 
wind, solar hot water, hydraulic and biofuels. Some can be site harvested such as PV and 
solar hot water, while others can be off-site such as wind and hydraulic (Torcellini et al, 
2006). These renewable energy sources can be hierarchized in the following figure: 
10 
 
Figure 2.1. NZEB Renewable Energy Supply Option Hierarchy 
The design team must start with implementing low-energy building technologies 
in order to reduce the building energy consumption. Some of these strategies include 
natural lighting, natural ventilation, high efficiency HVAC systems, and occupancy 
sensors to control these systems. Once the low-energy building design is complete, the 
team must investigate renewable energy sources available within the building footprint or 
site such as photovoltaic, solar hot-water, and wind. In case the renewable energy 
resources available on site are not sufficient to reach the energy balance required for the 
building to be Net-Zero, the building can benefit from off-site resources. Off-site 
resources can be energy sources available off site to generate energy on site such as 
biomass, wood pallets, ethanol, or biodiesel. These sources can be imported from off-site 
locations into the site to produce energy or heat. The other option for off-site resources 
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can be through purchasing off-site renewable energy sources such as purchasing 
electricity from utility-based wind or photovoltaics (Torcellini et al, 2006). 
Mentioned above are the various energy production sources available to achieve 
Net Zero and the hierarchy of which sources to use first. The scope of thesis will only 
address the on-site energy source of photovoltaic power, due to its relevance and utility 
for the sunny environment of Phoenix, Arizona.  
What is the NZEB energy process?   
To simplify the NZEB energy process, a typical NZEB would use the traditional 
utility source energy when the on-site renewable energy generation does not meet the 
building loads. When the on-site energy production exceeds the building loads, the 
building energy system will deliver the excess energy to the grid. The grid will account 
for the energy balance, and excess energy will offset later energy use. In case of NZEB 
out of the utility grid, it is difficult to achieve Net Zero conditions due to the limitation of 
current energy storage technologies. Off-grid NZEB normally rely on outside energy 
sources such as propane, water heating, and backup generators to maintain the extra loads 
the buildings require when the on-site renewable energy generation is not enough to 
sustain the energy demands (Torcellini et al, 2006). 
How to achieve Net-Zero?   
It is important to answer a very serious question in regards to achieving Net Zero: 
“What is the process of designing and constructing NZEB?” The answer relies on three 
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key elements working collaboratively towards the goal of NZEB. The first element is 
important in regards to the relationship between the owner, design team, and contractor. 
A serious commitment between all three parties is a key element to success. The second 
element will focus on design related steps towards NZEB, and the third element covers 
important technical aspects to the building.  
How do we get there from an Owner, Architect, and Builder standpoint?  In 
his “Essential Methods, Models and Metrics for Net Zero Energy Buildings” paper, 
Marseilles (2011) stated that the owner must be committed to the concept of Net Zero, 
and must undergo a serious education towards the steps and decisions that lead to this 
important goal.  In addition to the owner’s commitment, any NZEB project requires a 
committed collaborative team with the necessary skills to achieve the desired goal. This 
team needs to have the willingness and commission to collaborate based on pure 
obligation between owner, architect, and builder, (p. 391) 
How do we get there from a design standpoint?  NZEB differs from regular 
buildings in regard to design strategies, including many additional measures that are 
critical for effective NZEB design. The first is orientation: buildings must be designed to 
respond to the climate by having the right orientation to assist in meeting heating and 
cooling needs (Holness, 2011). The second is size: buildings must be designed to be as 
large as their functions require, without additional areas that may increase the energy 
demand. For example, the architect must calculate the required building occupancy in 
order to properly design office space and other needed building programs. The third is 
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building form: energy and day lighting models must be performed to establish the most 
favorable building form and orientation. If the early climatic analysis for a given site 
promotes the effectiveness of either passive cooling or day lighting strategies, the 
building must be properly designed to creatively weigh the tradeoff between daylight 
effectiveness and HVAC energy requirements. Finally, form should always follow 
function. Building features such as extra glazing for natural lighting must show a return 
on investment by improving the overall performance of the building without adding 
unnecessary costs to the project (Marseille, 2011). 
How do we get there from a technical standpoint?  An integrated design and 
construction approach is required to reach the NZEB goal.  From a technical point of 
view, there are a number of important points to consider in the efforts to design and 
achieve NZEB. First, wall and roof insulation values found in energy codes should be 
exceeded in order to achieve the best thermal envelope for the desired building with 
respect to climate condition.  In addition, builders should employ intensive reduction 
strategies towards the energy demand side of the building including HVAC, lighting, and 
plug loads. It is also important to design with intention to use passive strategies such as 
solar chimneys, skylights, water towers to promote natural heating, cooling, and lighting 
to further reduce energy demands (Marseille, 2011).   
Careful placement of landscaping will allow for additional passive strategies such as 
natural ventilation and shading, and effective fenestration will contribute to the reduction 
in energy use as well (Holness, 2011).  Using active technologies such as occupancy 
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sensors and high efficiency HVAC equipment and systems will reduce energy loads 
required for heating, cooling, and lighting (Marseille, 2011). Another active technology is 
the use of plug load controls with the ability to shut off unnecessary energy during post 
occupancy hours (Holness, 2011). 
In addition to including these important design elements, careful planning and 
modeling is critical to achieve maximum efficiency.  The design team must perform early 
energy simulation models to prove energy performance of the potential NZEB, and 
maintain careful documentation throughout all design and modeling phases to avoid 
unnecessary surprises (Marseille, 2011). A renewable energy resource cost analysis must 
be performed in order to ensure the proper source to offset the energy demands. 
(Marseille, 2011). Finally, ongoing commissioning, operation and maintenance will be 
critical to maintaining NZEB status once the building is complete (Holness, 2011). 
Behavior of Building Users & Barriers to Net-Zero Energy Buildings.  The 
behavior of the building occupants is one of the essential elements in achieving Net Zero 
status. Building occupants dictate three major elements within the building: thermal 
comfort, lighting, and plug loads, which combined account for 30% to 60% of the overall 
building energy consumption during its lifetime (Holness, 2011). Shutting off desk 
equipment such as computers, printers, and desk lights when not in use can have a major 
impact on energy savings. Most building occupants feel comfortable between 68 F and 
78F depending on humidity level and air movement, so setting HVAC systems to a 
unified temperature to insure thermal comfort for all occupants is another important 
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element in energy saving. So what is the change needed to control building user 
behavior? The answer relies on two important components. First, the public awareness 
towards energy and their environment must be improved. Second, they must be educated 
about sustainability in order to foster the creation of a culture of sustainability (Holness, 
2011). 
In addition to building occupant behavior, Marseilles (2011) discusses other 
barriers to Net Zero Energy Buildings such as: 
● Insufficiency of time required for careful design and energy modeling. 
● Lack of creativity and willingness to investigate unique ideas in regard to energy 
saving. 
● Costly design fees for professional design teams with the required knowledge 
towards energy savings and sustainability. 
● Higher premium construction costs for smart and energy efficient buildings. 
● Local restrictions such as zoning codes that forbid solar applications or low height 
codes that may limit access to solar energy. 
● Equipment aging and sensor malfunction.  
Even if the building is correctly designed, systems properly commissioned, and 
building occupants and operators perform as they are supposed to for NZEB, there can be 
barriers.  It's a common belief within the building industry that energy efficiency 
performance rarely stays constant, due to equipment and system aging as well as 
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technical malfunctions (Marseille, 2011).  Therefore, planning frequent regular 
maintenance and updating is important to ensuring continued NZEB status. 
There are many key points involved in Net Zero Energy Building, how they 
function, how to design them, and why. Next, it is important to explore and clarify the 
other critical elements of this project: EUI and FAR. 
Energy Use Intensity 
Energy Use Intensity or EUI measures the energy demand of the building per unit 
area through dividing the annual energy use of the building by the total floor area. EUI is 
a very important measure because it can be weighed against other measurements such as 
Energy Production Intensity (EPI).  EPI is an annual estimate of the available renewable 
energy generated within site in order to achieve the required energy balance for Net Zero 
Energy Buildings (DeKay and Brown, 2014). The relationship between EUI and EPI is 
illustrated by the following equation: 
Energy Balance Index  =  Energy Production Intensity  -  Energy Use Intensity 
 A negative result will show a conventional building that uses more energy than it 
produces, while a zero figure will result with a Net Zero Building, and a positive figure 
will result with a positive energy building that produces more energy than it consumes 
annually. Both EUI and EPI are typically converted to annual kBtu/ft
2
 for easy 
comparisons between buildings, regardless of the fuel type consumed for energy 
production (DeKay and Brown, 2014). 
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 EUI is an important building parameter that will be used intensively in the later 
chapters of this thesis to help in calculating the maximum total area possible for a 
building and still achieve Net Zero Status. 
Floor to Area Ratio (FAR) 
In order to understand the relationship of FAR to NZEB, it is critical to first 
clearly define what is meant by floor/ area ratio.  An article by Barr and Cohen (2014) 
presented a very straightforward definition of Floor to Area Ratio (FAR) as follows: 
One key measure of structural density is the floor area ratio (FAR), which is the 
ratio of total useable floor space to the size of the lot. For example, a 10-story 
building constructed on the entire lot would have a FAR of 10, as would a 20-
story building on half the lot (p.110). 
The following graph is a helpful illustration describing the relationship of lot area to 
FAR:
 
Figure 2.2. Types of FAR applications (Harrison et al, 1950 as cited in Kaufman, J. L. 
(1962)  
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Average FAR tends to increase as the project’s location changes from more rural 
areas such as suburbs to more urban areas such as city centers. Typically, the change in 
FAR is followed by a change in building density. The following illustrations of rural to 
urban transect zones help to clarify the relationship of change in FAR based on location. 
 
 
Figure 2.3.  FAR and density change from rural to urban (City of Miami Planning 
Department, 2008) 
 
The following illustration showcases a collage of different parts of the city of Phoenix, 
Arizona to present the transect from rural to urban: 
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Figure 2.4. FAR and density change from rural to urban in Phoenix (Sigmadolins, 2013) 
 Since the following case study is located in a dense urban area, the FAR can be 
expected to land on the higher end of the spectrum.  
Local Case Study: DPR Construction 
While the trend of Net Zero was still emerging, DPR Construction was able to 
construct the first Net Zero office building in Arizona. This building is LEED Platinum, 
is considered the largest in the world (16,535 square feet) with NZEB certification, and it 
is the second in the nation to receive this certificate. This building sets an example of 
attaining Net Zero status in a harsh desert climate such as Phoenix, Arizona, and it is a 
living laboratory that showcases a variety of different sustainable elements. The project is 
a model for sustainable development and urban renewal through the transformation of an 
old and aging underutilized building into a leading example in the Net Zero world (DPR 
Construction, 2013). 
DPR Construction Phoenix Regional Office NZEB Certification Process 
The DPR construction regional office in Phoenix is considered the largest in the 
world to receive the NZEB certificate awarded by the International Living Future 
Institute in 2013 (DPR Construction, 2013). The International Living Future Institute 
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serves as a hub for researchers with a list of promising and sustainable programs for 
existing and new buildings. The Institute website states, “Our mission is to lead and 
support the transformation toward communities that are socially just, culturally rich and 
ecologically restorative.” (International Living Future Institute, 2015, home page). 
The Institute's Net Zero Energy Building Certification is the only program in the 
world that verifies Net Zero energy building on a performance basis, and its NZEB 
certificate is one of three certification paths under the Living Building Challenge 
(International Living Future Institute, 2015). This certificate revolves around one 
important core requirement and that is one hundred percent of the energy used in the 
project is supplied by on-site renewable energy on an annual basis. In order for a building 
to be awarded with this certificate, it must follow the main energy requirement in 
addition to at least the following three requirements: 
● Limits to Growth, dealing with appropriate siting of buildings 
● Beauty and Spirit 
● Inspiration and Education (NZEB Certificate requirements) 
The DPR construction regional office in Phoenix was awarded the NZEB certificate in 
2013 for meeting the following requirements: 
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Figure 2.5. DPR NZEB qualifications (International Living Future Institute, 2015, Case 
Study Phoenix) 
1. Energy: 100% of the energy used in the project is generated through on-
site renewable energy harvested from the sun, in addition to solar thermal hot 
water system. 
2. Site/ Limits to Growth: As a renovated building, DPR meets the 
requirement that all projects pursuing the NZEB certificate be built on previously 
developed sites or greyfields/brownfields. 
3. Equity: Through thorough analysis, the design team examined worse case 
scenarios in which neighbouring structures and buildings will impact the project's 
ability to meet Net Zero energy requirements due to such factors as shade from 
adjacent buildings. 
4. Beauty: Inspiration + Education. Through the inspiration of DPR’s staff 
and pride in presenting their building and building program through the variety of 
spaces such as a gym, open offices, porch, meeting rooms, and open kitchen/cafe. 
In addition to the office serving as a living laboratory for users and visitors, it 
serves as an education center for future designers building towards the idea of 
sustainability. (Case study Phoenix) 
 
Why Net Zero? 
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DPR construction stated a number of important factors in the paper The Path to 
Net-Zero Energy in regards to company’s decision to create a net-zero energy office in 
Phoenix: 
● Living a Core Value. DPR’s motto of  “ever forward” focuses on being a 
leader in the design and construction of smarter and faster, which is based on the 
idea of lower long-term operating costs in relation to short-term savings. This 
philosophy represents the core of Net Zero Energy Building goals.  
● Leading in Green Building. The company’s commitment to sustainability 
and the idea of having every single employee working in a sustainable 
environment sets a strong example of the company’s commitment to 
sustainability. 
● Community Commitment. DPR’s focus is to benefit the community within, 
setting an example of sustainable energy use and serving as living lab where 
students and researchers can visit and learn from the company’s experience in 
sustainability. 
● Employee Satisfaction. DPR is considered one of the most desirable 
companies to work for, and the company’s office in Phoenix is a solid example. 
Connectivity to local transportation, proximity to Phoenix International Airport, 
and the wide range of building amenities provide comfort and enjoyment for 
employees. (p. 2) 
The principles that DPR construction followed to establish them as leaders in the 
green building industry, in addition to the commitment to the community and core value 
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of being sustainable, are some of the main reasons behind choosing the DPR case study 
for this project. DPR’s office in Phoenix is a concrete example that confirms the 
importance of Marseilles’s assertion that owner, architect and builder commitment in the 
establishment of a successful Net Zero project (2011). 
Site Selection   
Site selection was the first main challenge to DPR: the company wanted an 
existing underutilized building that is approximate to Phoenix metropolitan area in 
addition to having access to public transportation. The idea behind this request is to 
showcase a sustainable transformation of existing structures and to prove that with 
thoughtful design and use of the right sustainable methods and technologies, Net Zero 
can be achieved within this harsh hot climate. The team soon identified the site, an old 
retail building that is at the end of its life-cycle, located in the heart of Phoenix with 
proximity to local transportation such as bus and light rail lines that connect to downtown 
and nearby suburbs (DPR Construction, 2013). In keeping with the principles outlined by 
Ramesh (2010), repurposing an existing structure helps to minimize resource 
consumption in the construction phase of the building life cycle. 
Design & Construction Teams Selection   
Since day one, DPR had a goal of creating a Net Zero office building in Phoenix, 
Arizona. The company wanted a talented team with skills and expertise in sustainability, 
working towards the common goal of Net Zero. Each team member was hand selected  
for the design and build project based on his or her expertise in delivering high 
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performance buildings. DPR wanted a sustainable environment and encouraged 
innovation in using conventional methods towards achieving the desired goal (DPR 
Construction, 2013). 
Marseilles (2011) stressed the importance of having a committed team to the 
concept of Net Zero. In creating such a team, working in a collaborative environment 
with skills in the design of high performance buildings, DPR sets an effective example of 
applying research principles into reality. 
Building Shell Modifications  
DPR had an extremely fast-track timeline and the design team had a very short 
period for design and construction. The idea was “to do more with less” to achieve the 
most suitable design with the lowest investment possible, keeping in mind the desired 
goal of highest quality design with incorporation of the most innovative sustainable 
features to achieve Net Zero. DPR wanted to maintain much of the original structure as 
possible, with almost 93.7% of the original shell kept in place. In keeping with the goal 
of sustainability, 76% of the materials removed from the site were ultimately recycled.  
The south and west facades were kept untouched, while north and east facades were 
modified to fit large glass operable openings to allow both natural ventilation and day 
lighting. An L-shaped courtyard was added along the east and north facades, with a 
vertical green screen to create an inviting outdoor environment in addition to providing 
shade for the building (DPR Construction, 2013). 
Inside the Building   
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The majority of the interior space was kept as an open office environment to 
allow light to spread within the space, in addition to facilitating natural ventilation. The 
building also included conference rooms, a learning lab, a fitness room with showers, an 
open kitchen and café area, and roll up doors that lead to the shaded courtyard areas  
(DPR Construction, 2013).  
Sustainable Design to Achieve Net Zero   
In addition to the building program described above, the DPR Building 
incorporated a number of strategies and elements to help lower energy demands and 
produce energy to achieve the balance required for Net Zero. Every decision towards the 
selection of those elements affected the performance of the building (DPR Construction, 
2013). The Path to Net-Zero Energy paper by DPR Construction describes these 
important elements: 
● Solatubes: 82 of those day lighting solar tubes were carefully positioned 
within the building to allow natural daylight to access the building, reducing the 
use of artificial lighting by 90 percent. 
● Solar Chimney: The largest of its kind in Arizona, the chimney was 
elongated 87 feet to support the passive ventilation system within the building. 
● Shower Towers: Four of these were added to work hand in hand with the 
solar chimney to passively cool the building. Those shower towers respond to 
wind speed and temperature for optimum performance. 
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● Operable Windows and Roll-up Doors: Placed on both north and east 
facades which lengthen for 87 feet, automated to respond to climatic conditions, 
thus allowing for day lighting and natural ventilation.  
● Large Indoor Fans: Twelve fans were distributed within the open office 
space. Each fan is eight feet in diameter and used in collaboration with the passive 
cooling system to help achieve indoor thermal comfort.  
● Photovoltaic System: A 78.96-kilowatt system was installed as a parking 
shade to achieve energy balance for the building. This system was designed to 
generate 135,000 kilowatt-hours to balance the estimated energy consumption of 
the building electrical usage.  
● LED: The building used LED for exterior lighting at night since there is 
no need for efficient interior lighting due to the use of solatubes. This decision 
helped in reducing the building’s photovoltaic system. 
● Vampire Shut-Off Switch: A unique sustainable feature was installed in 
this building to reduce phantom loads during no occupancy hours. The switch is 
activated by the last person leaving the office, and is responsible for reducing 90 
percent of the phantom plug loads. 
● Lucid Building Dashboard System: Building occupant behavior plays an 
essential role in achieving Net Zero. This system provides building occupants 
with instant data for building energy usage and generation, and helps them in 
modifying their behavior to meet energy goals, and will be illustrated later in this 
thesis (p. 7-8). 
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The DPR Construction office building located in Phoenix, Arizona sets a concrete 
example of how to transform theory into reality and reflects many of the important 
elements outlined previously in order to achieve Net Zero. Starting from owner, architect, 
and builder commitment to the concept of Net Zero all the way to the use of sustainable 
and passive strategies to reduce energy loads and the use of renewable energy sources 
available on site to achieve energy balance, this building represents a cohesive effort in 
achieving and maintaining a sustainable NZEB.  
The Graph of Photovoltaic Area Required for Net Zero Building 
DeKay and Brown (2014) produced an interesting nomograph to estimate 
required roof and wall area for photovoltaic surface in relation to the total floor area of a 
building. The authors advised architects and designers to address a number of steps in the 
early stages of design to achieve Net Zero, as outlined below: 
1. Investigate site climatic resources including temperature, relative 
humidity, position and intensity of sun, wind speed and direction, and 
dominant sky conditions. 
2. Assess the anticipated building loads. This calculation will include total 
heat gain and losses, electric loads, and hot water loads. 
3. Compare the first two steps in order to identify the potential opportunities 
for synergy with the building program and design in order to reduce loads. 
4. After applying load reducing strategies, use the climate resources analysis 
to calculate potential renewable energy generated on site. 
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5. Once both Energy Use Intensity (EUI) and Energy Production Intensity 
(EPI) are calculated, use the nomograph to find the ratio between floor 
area and photovoltaic area required to achieve Net Zero (p. 80-81). 
To properly use the nomograph, one must follow the writers’ instructions on how to find 
the required ratio of photovoltaic area to floor area: 
To use the nomograph, enter on the right-hand side at the target EUI value. Move 
vertically to intersect the desired Energy Balance Index (EBI) performance, and 
then move horizontally to intersect an appropriate climate line and drop the lower 
left axis to read the ratio of PV area to floor area (DeKay and Brown, 2014, p. 80-
81). 
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Figure 2.6. Photovoltaic Area Required for Net-Zero (DeKay and Brown, 2014). 
The presented nomograph is flexible and can be used depending on the available 
data; one can begin from either PV area, floor area, or even EPI. A number of 
assumptions were used for the PV panel area calculations used in the previous graph: 
weather based on TMY data, fixed axis solar panels facing south, panel tilt equal to 
location latitude of each city, and overall DC to AC derate factor of 0.77 (DeKay and 
Brown, 2014). 
The derate factor accounts for a number of losses from the system.  In addition, 
this factor covers the reduction of the rated capability of a number of devices and 
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components within the PV system. The overall derate factor used in the nomograph 
covers the following elements: PV module nameplate DC rating, inverter and 
transformer, mismatch, diodes and connections, DC wiring, AC wiring, soil, system 
availability, shading, sun-tracking, and age (National Renewable Energy Laboratory, 
2015).  
The nomograph will be used in the later sections of this research to calculate the 
required PV area for a building to be Net Zero, as well as part of the FAR calculator 
produced as result of this thesis. 
NREL's PVWatts Calculator 
 PVWatts is a solar energy system calculator produced by the National Renewable 
Energy Laboratory (NREL) of the U.S. Department of Energy to estimate the solar 
energy production and cost of energy produced by grid-connected photovoltaic energy 
system throughout the world. This calculator tool allows designers, building owners, 
installers, and manufacturers to develop potential energy system performance estimations 
for their projects (National Renewable Energy Laboratory, 2015). 
 To properly use the PVWatts calculator, one must start with typing an address, 
ZIP code, or geographic coordinates for the desired system location and then click “Go”. 
Entering this information will automatically provide the calculator with the solar resource 
data available for the desired site. The location can be anywhere in the USA, in addition 
to some other parts of the world where TMY weather data is available (National 
Renewable Energy Laboratory, 2015). 
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Figure 2.7. Screen shot of TMY data page of PVWatts  
 The PVWatts calculator estimates the potential monthly and annual renewable 
energy generation of the photovoltaic system using hour by hour simulation over a period 
of one year for the system. In order for calculator to generate the mentioned results, 
PVWatts require values of six inputs that represent the system physical characteristics, as 
illustrated in the figure below: 
 
Figure 2.8. Screen shot of PVWatts required input values (National Renewable Energy 
Laboratory, 2015) 
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The default system size is 4 kW which corresponds to a solar system array area of 
269 ft². The module type can be changed to either standard, premium, or thin film types.  
The available array type option includes a choice of fixed, 1 axis tracking, or 2 axis 
tracking. The calculator sets an automatic system loss of 14%, but you can also use the 
plug-in for system loss calculator. The tilt degree is a manual input where you can always 
change the desired tilt. The azimuth is also changeable and it deals with panel orientation. 
The PVWatts calculator also allows users to customize the system on a map through a 
drawing tool with access to Google Maps. In addition to the six main required inputs, the 
calculator allows for advanced system design assumptions with three inputs, as illustrated 
below:  
 
Figure 2.9. Screen shot of PVWatts advanced input options (National Renewable Energy 
Laboratory, 2015) 
PVWatts also has an optional feature where it can calculate the economics of the system 
based on three assumptions that can be added by the user: 
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Figure 2.10. Screen shot of PVWatts economics options (National Renewable Energy 
Laboratory, 2015) 
 Once all assumptions and inputs are met, the PVWatts calculator results page will 
display annual and monthly energy production in kilowatt-hours, along with annual and 
monthly average solar radiation in kilowatts per square meter per day, in addition to the 
value of total energy generated per month and year in dollars.  
34 
 
Figure 2.11. Screen shot of PVWatts results page (National Renewable Energy 
Laboratory, 2015) 
The PVWatts calculator estimates the energy production using solar resource data 
such as TMY weather data, which means that the results do not represent the estimation 
for a particular year.  Instead, the figures represent the electric production that one can 
expect over a period of years. This being said, the total annual energy production results 
for a particular year may vary by as much as ±10% (National Renewable Energy 
Laboratory, 2015). 
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 The PVWatts solar energy production calculator provides the user with very 
important results such as annual and monthly energy production estimation for a 
particular system size given its physical characteristics and location. This tool, along with 
author’s research in developing and maintaining NZEB, as well as the local case study, 
will all provide the necessary information the proposed FAR calculator presented later in 
this research. 
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CHAPTER 3 
METHODOLOGY AND DESIGN 
Current research on NZEB has a strong focus on EUI and the available surface 
area for photovoltaic.  However, the body of research does not address the relationship 
between NZEB, EUI and FAR. This project introduces a general approach towards the 
analysis of the floor/ area ratio parameter and its influence on Net Zero commercial 
buildings located in Phoenix, Arizona. This approach is achieved through a thorough case 
study analysis of an existing Net Zero Energy Building located within the city of 
Phoenix: DPR Construction.  
The DPR Construction building, as described in detail in the previous chapter, is 
Arizona’s first and largest commercial Net Zero Energy office building (International 
Living Future Institute, 2015). Phoenix, Arizona is known for its harsh-hot climate, and 
developing a Net Zero building of that size set a good benchmark for future developers 
and also provides the opportunity for researchers to investigate potential improvements 
within the field. 
The intention of the floor/ area ratio analysis investigated in this thesis is to 
produce a calculator that enables future designers to approximately calculate the 
maximum floor area ratio for a Net Zero building for a specific site within the boundaries 
of the Phoenix metropolitan area. The later sections of this chapter will outline the steps 
of analyzing the local Net Zero example DPR Construction. 
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Energy Analysis of Existing Building 
Based on the information provided in the previous chapter, in addition to further 
information gathered and calculated for the DPR building and site, the distribution of 
areas within the existing site are as follows: 
Site Area     56,000 Square Feet 
Building Area     16,533 Square Feet 
Terrace Area     3,400 Square Feet 
Parking And Circulation Area  36,600 Square Feet 
Covered Parking Area   7,200 Square Feet 
Existing Floor Area Ratio   0.3 
 
DPR’s energy monitoring website, the Lucid Building Dashboard, provides occupants 
and the public real-time information about energy consumption, as well as comparative 
and annual features. The energy data for 2015 is illustrated below: 
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Figure 3.1. DPR Electricity Usage and Production for 2015 (Lucid Building Dashboard, 
n.d.) 
 
Based on the DPR case study, the 79 Kw-dc solar energy system covering 7,200 
ft
2
 of parking was enough to sustain a 16,533 ft
2
 commercial building in Phoenix, 
Arizona. The existing solar energy system generates 126,463 kWh annually and the 
building total annual energy consumption is 122,674 kWh, which results with a surplus 
energy of 3,789 kWh annually. A simple calculation of building energy consumption in 
relation to occupied area of the building will result in the following: 
                        
             
 = 
           
          
 = 7.4 kWh per ft2 
The result expresses that each additional occupied square foot will increase the energy 
consumption by 7.4 kWh yearly, which must also be met by an equivalent amount of 
solar energy generation. 
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To calculate Energy Use Intensity of the DPR building, one must convert the total 
energy consumption annually from kWh/ft
2
 to kBtu/ft
2
 and then divide it by the total 
building area. Both EUI and EPI are converted to annual kBtu/ft
2
 for easy comparisons 
between buildings, regardless of the fuel type consumed for energy production (DeKay 
and Brown, 2014). 
 
Total Energy Consumption Annually in kWh =  122,674 kWh 
Total Energy Consumption Annually in kBtu =  418,250 kBtu 
The Building Energy Use Intensity (EUI) = 
                                 
            
 = 
            
           
 = 25.3 kBtu/ft2 
To further investigate the possibility of enlarging the gross area of the building 
while keeping it under the requirements of Net Zero energy consumption, this project 
examines the potential of using additional available surface areas for solar energy 
generation, using the DPR site as a model. Currently, almost 50% of the parking spots 
within the site are covered with solar panels, as illustrated by this image, modified from 
Google’s aerial view feature:  
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Current Solar Coverage 
 Figure 3.2. Current solar coverage on DPR building  
 
 
The figure below represents the potential additional spaces for solar energy placement. 
 
 Available Roof Area   Adjusted Covered Parking Area 
Figure 3.3. Potential spaces for solar coverage on DPR building  
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The orange highlights the potential use of the building roof area for solar generation, 
while the blue highlights the potential of covering all parking spaces with solar. The 
following scenarios will further explain the increase of FAR in response to the increase of 
solar energy generation. 
Proposed Option 1: Cover All Parking Spots with Solar 
This first scenario outlines the potential energy generated from covering all 
available parking spots with solar panels, and the effect of the total of energy generation 
on the increase of FAR.  PVWatts software is used to draw the system and to calculate 
the solar energy generated.  
 
Extended solar coverage on parking 
Figure 3.4. Proposed option 1: Extended solar coverage on parking 
 
Covered Parking System Size:   184.8 kw-dc 
Total Expected Solar Energy Generated:   305,987 kWh per year 
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For Net Zero energy consumption buildings, the total energy generated must be 
equal to or exceed the total energy consumed. One can adjust the formula provided 
earlier to calculate the amount of square footage that can be covered with the amount of 
energy generated by this system: 
                        
             
 = 
                     
            
 = 7.4 kWh per ft
2 
 
                     
             
 = 
                    
            
 = 7.4 kWh per ft
2
 
 
Total Building Area = 
                    
            
 = 41,349.6 ft
2 
These calculations illustrate the solar energy system will generate enough energy to 
sustain a 41,349 ft
2
 building. Using the DPR footprint of 16,533 ft
2
, the proposed solar 
system can sustain a Net Zero building similar to the DPR building up to 2.5 floors. 
 
                  
                     
 = 
          
           
 = 2.5 Floors 
To calculate the FAR based on the resulted total building area: 
FAR = 
                 
       
 = 
           
           
 = 0.73 
 The existing solar system covering almost 50% of the available parking area is 
enough to sustain an energy balance for the existing building. Using the remaining 
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available parking area will lead to an increase of FAR from 0.3 to 0.73 and still maintain 
energy balance for the proposed increase in building area. 
Proposed Option 2: Roof Area 
The roof of the DPR building has skylights and a solar chimney. Keeping the 
solar chimney space as it is and using the rest of the roof surface area for solar energy 
will result in the following system size and total energy generation:  
 
       Extended solar coverage on roof 
Figure 3.5. Proposed extended solar coverage on roof 
 
Roof System Size:     199.2 kw-dc 
Total Expected Solar Energy Generated:  329,830 kWh per year 
 
The same formulas used in the previous scenario will be used here to calculate the total 
building area, number of floors, and the change in FAR. 
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To calculate the total building area: 
                     
            
  =  
                    
             
 = 7.4 kWh per ft2 
 
Total Building Area = 
                    
                
  = 44,571 ft2 
To calculate the number of floors: 
                  
                     
   =  
          
          
  =  2.69 Floors 
To calculate the FAR based on the resulted total building area: 
FAR = 
                  
        
 = 
          
           
 = 0.79 
 This option results in an increase of FAR from 0.3 to 0.79 through the use of 
available roof surface area for photovoltaic installation. The accounted roof area neglects 
the space occupied by the solar tubes for day lighting. It should be noted that proceeding 
with this option without the accounting of space required by solar tubes will result with 
an increase in EUI.  
Proposed Option 3: Roof Area + Solar Covered Parking 
This scenario will use all available surface areas for solar energy generation and 
will calculate the potential increase in occupied building area and the increase of FAR. 
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Extended solar coverage on roof  Extended solar coverage on parking 
Figure 3.6. Proposed extended solar coverage on roof and parking 
 
Total Solar Energy System Size:   384 kw-dc 
Total Expected Solar Energy Generated:  635,817 kWh per year 
Again, the same formulas are used in the following calculations. 
Total building area: 
                      
            
 =  
                    
            
  = 7.4 kWh per ft
2 
Total Building Area = 
                    
               
   = 85,921 ft
2 
Number of floors: 
                  
                     
    
          
          
   = 5.19 Floors 
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FAR based on the resulted total building area: 
FAR = 
                 
       
    
         
          
   =  1.5 
The goal of the DPR building analysis was to investigate the potential increase of 
total building area in addition to the increase of FAR while still maintaining Net Zero 
status. The analysis showed a promising increase in both as detailed by the calculations in 
this chapter. The analysis process incorporated several steps in order to get to the desired 
result.  First, the area measurement and distribution within site including building, 
parking, and circulation were collected.  Next, the author estimated the potential annual 
energy consumption using measurement of available area for photovoltaic installation.  
Then, the annual energy production for the PV was determined using the PVWatts 
calculator. Once this data was collected, further calculations were completed manually to 
calculate the increase of both total building area and FAR. 
As a result of this FAR analysis, the present study proposes a FAR calculator to 
simplify and speed up the process of calculating some of the important factors in regards 
to the design of Net Zero buildings. The proposed calculator will be discussed in further 
details in the following chapters. 
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CHAPTER 4 
DATA ANALYSIS AND RESULTS 
As described in Chapter 3, the methodology and design for this study was to 
investigate the maximum potential increase of FAR of an existing Net Zero commercial 
building located in Phoenix, Arizona. The result of this analysis showed an increase of 
FAR from 0.3 up to almost 1.5 with respect to existing EUI, building footprint, and 
available area for photovoltaic installation. The increase of FAR will be followed with an 
increase of total building area, as shown in Chapter 3 (p. 22).  To further develop this 
analysis to investigate the different possibilities to increase FAR within a particular site, 
an FAR calculator has been produced in collaboration with the Graph of Photovoltaic 
Area Required for Net-Zero developed by DeKay and Brown in their book Sun, Wind, & 
Light (2014), as well as the NREL PVWatts calculator. 
The FAR calculator took into consideration several parameters that will guide the 
designer in determining the maximum FAR a project can reach within the site while still 
maintaining Net Zero status. These elements are presented in the figure below: 
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Figure 4.1. Elements of FAR calculator 
FAR Calculator Tool Assumptions 
The Graph of Photovoltaic Area Required for Net-Zero developed by DeKay and 
Brown (2014) also included some of the parameters used in this calculator such as EUI, 
climate, location, and Energy Balance Index to estimate the area of photovoltaic surface 
to satisfy the target EUI of a given building. The photovoltaic specification for the graph 
calculation were based on TMY2 data for a given location, fixed axis panels facing south, 
tilt equal to site latitude, and overall DC to AC factor of 0.77. 
The NREL PVWatts calculator was used to estimate annual solar energy 
production for the desired system in the city of Phoenix, Arizona. The photovoltaic 
system specification used for the proposed tool were based on TMY2 data for Phoenix, 
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Arizona, fixed axis panels facing south (180’), tilt equal to site latitude (33.45’), system 
size of 1 kW which calculates an array area of solar panels equal to 269 ft
2
, system loss 
of 14%, DC to AC ratio of 1.1, Inverter efficiency of 96%, and Ground coverage ratio of 
0.4. 
The information included in Graph of Photovoltaic Area Required for Net-Zero 
and PVWatts were developed further to generate the FAR calculator which will be 
presented later in this chapter. The analysis done on the DPR building helped in forming 
area distribution within site to determine different percentages.  Area use data helped in 
calculating the available horizontal surface area for PV. This study resulted with 30% of 
the site as building footprint, 44% for outdoor circulation and landscape, and 26% for 
parking. Out of this total site area, only 51% of the area is available for potential 
photovoltaic installation on available roof surface in addition to parking shade. Other 
calculations were added to automatically generate the following results: 
● Building Footprint. 
● Available Surface Area for Photovoltaic Installation. 
● Outdoor circulation. 
● Parking Area. 
● Potential Parking Spots. 
● Potential Building Area in regards to FAR. 
● Number of Floors based on the building footprint. 
● FAR. 
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● Required Area for Photovoltaic installation. 
● Photovoltaic System Size estimation in Kw-dc. 
● Energy Production Annually in Kw-hr. 
How Does the Calculator Function? 
The calculator has a collection of different calculations that generate the results 
for FAR requirements. The first section of the calculator starts with general project data 
such as lot area, building footprint, roof solar coverage, outdoor circulation area, and 
parking area. The division and distribution of those areas depends on the early analysis of 
area distribution performed on the DPR example.  
 
Figure 4.2.  Screen shot of first section of calculator tool 
The percentages help in calculating the area of each listed program use. Note that 
there is a slight difference between the area of building footprint and the available roof 
area for solar energy generation, which is due to the occupied roof area by solar chimneys 
and skylights. In addition to the area calculation, another element was added to calculate 
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the number of parking spots that will be available based on the parking area calculation, 
by dividing the total parking area by 200 square feet as dictated by parking standards.  
The second section of the calculator deals with total building area, FAR, and 
number of floors. This is a very important section of the calculator, as it shows an 
indication of how much FAR a building can reach and still be Net Zero. As mentioned in 
Chapter 2 of this thesis, FAR is the ratio between the total useable floor space to the size 
of the lot. The total building area of the project is a result of multiplication of FAR with 
lot area.  On the other hand, the number of floors the building can reach is based on the 
division of total building area to building footprint.  
 
Figure 4.3. Screen shot of second section of calculator tool 
The third and last section of the calculator deals with anticipated EUI, required 
surface area for photovoltaic, photovoltaic system size in Kw-dc, and total estimated 
annual energy production to satisfy the building EUI in order to be Net Zero. This section 
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is interesting because it combines information and calculations from sources such as the 
Graph of Photovoltaic Area Required for Net-Zero developed by DeKay and Brown 
(2014) as well as the PVWatts calculator for photovoltaic system size and energy 
generation. The graph was thoroughly studied for the Phoenix location, and EUI values 
were added as a reference in the calculator. Based on the anticipated EUI by the design 
team, one can calculate the ratio of photovoltaic area required in relation to total floor 
area. The required area for the photovoltaic section of the calculator will be automatically 
generated for each FAR and this section will state if the area is insufficient, making the 
building unable to generate the required energy to be Net Zero. The FAR calculator uses 
the PVWatts calculator to calculate both photovoltaic system and total annual energy 
generation. The proposed calculator uses the same photovoltaic specification used by the 
DeKay and Brown graph, TMY2 data for Phoenix, Arizona; fixed axis panels facing 
south, tilt equal to site latitude (34.45), and overall DC to AC factor of 0.77. 
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Figure 4.4. Screenshot of third section of calculator tool 
The project shown in the table above has an EUI = 25 kBtu/ft
2
 and can reach an 
FAR up to 1.6 and still be Net Zero. This FAR will allow the total building area to reach 
up to 89,600 square feet, 5 floors, and with a total photovoltaic area of 26,880 square 
feet, distributed between the building roof and parking shades. The photovoltaic system 
required needed to sustain this building as Net Zero would be 399.7 Kw-dc and will 
generate almost 699,480 kWh annually. Once the FAR increases to 1.7, the project will 
no longer be Net Zero, as it will have insufficient space for photovoltaic to cope with the 
energy consumption of the building. 
How to Use the FAR Calculator 
The calculator was generated to help the designer in estimating a number of 
elements, one of which is the maximum FAR for the building within the site and still 
maintain Net Zero status in the Phoenix metropolitan area. In order for the calculator to 
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function properly, one must know the lot area in addition to the target EUI for the 
potential project. The EUI values from the DeKay and Brown graph were added as a 
reference within the calculator.  
DeKay and Brown (2014) illustrates a preliminary design phase that is very 
beneficial to follow before using the FAR calculator. Designers must complete a number 
of steps in order for them to reach the target EUI for the potential project. First, designers 
must start with a site climate analysis. The study of climatic conditions of the site will 
allow the design team to design a proper climate responsive building that will take 
advantage of passive design strategies such as day lighting, cross ventilation, shading, 
and more, in order to reduce energy loads. Second, The design team must assess the 
anticipated building loads. Building loads include total heat gains and losses, electric 
loads, and hot water loads. The last step before using the FAR calculator, the designer 
must compare the first and second step and try to create synergies that would help in 
improving building design and program to help in reducing building loads and to get to 
the lowest target EUI. 
Once the preliminary design phase is complete, it is time to use the FAR 
calculator to estimate the maximum FAR possible within site. To use the calculator, enter 
the potential lot area value in the lot area cell of the calculator. Move to the EUI values 
reference list and select the target EUI for the project. Enter the Target EUI value in the 
required cell and click enter. 
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 Lot Area Target Photovoltaic to Total Floor Area Ratio based on EUI  
Figure 4.5. Screen shot of how to use calculator tool 
Once the values for Lot Area and Target EUI from the reference list are entered, 
the calculator will automatically generate the other outcomes listed in the chart.  The 
results will ascend with the increase in FAR until it reaches a certain limit where the 
project is no longer Net Zero. A result of “Insufficient PV Area” will show whenever the 
building passes the Net Zero level, and the calculator will no longer calculate the required 
area for PV, system size, or annual energy production.  
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Figure 4.6. Screen shot of specifications outside of Net Zero 
The calculator results depend on the Target EUI for the project and Lot Area. 
Note that with the decrease of the anticipated EUI, the FAR increases, allowing for more 
building area for the project. In short, the more efficiently a building functions, the larger 
it can be built. 
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CHAPTER 5 
DISCUSSION 
Net-Zero Energy Building is a noble concept towards energy consumption and 
renewable energy generation through smartly responding to global concerns such as 
population growth, the finite nature of fossil fuels, energy insecurity and independence, 
and building impact on climate change.  This thesis project provides some answers 
towards the development of Net Zero building.  The main purpose of this thesis was to 
answer a very important question: “How big can the building be before it passes Net 
Zero?” The project investigates the answer to this question through the creation of a FAR 
calculator that takes into consideration a number of factors such as climate, location, 
target EUI, lot area, building footprint, available area for solar, renewable energy 
generation, and distribution of areas within the lot. This calculator provides a number of 
scenarios regarding when the building passes the Net Zero line in matters of FAR and 
total building area.  
The result of this thesis as discussed in Chapter 4, builds on the Graph of 
Photovoltaic Area Required for Net-Zero developed by DeKay and Brown (2014).  Their 
graph was created to calculate the ratio of photovoltaic area required to sustain a certain 
energy balance with respect to building area, EUI, and climate. These photovoltaic 
calculations were based on weather TMY2 data for a number of locations, fixed axis 
panels, tilt equal to latitude and DC to AC factor of 0.77 (DeKay and Brown, 2014).  This 
project analysed and built upon the information contained within the graph to create the 
58 
FAR calculator proposed as a result of this thesis. Other elements were added to the 
information harvested from the graph in order to answer the question raised by this thesis: 
“How big can the building be before it passes Net Zero?” The calculator combines two 
calculation methods, required PV area graph and PVWatts calculator, in addition to a 
local Net Zero precedent analysis in regards to area distribution and available PV area. 
The calculator was developed to generate the following: total building footprint, available 
surface area for photovoltaic installation, outdoor circulation and landscape area, parking 
area and potential parking spaces, potential building area in regards to FAR, number of 
floors based on the building footprint, FAR, required area for photovoltaic installation, 
photovoltaic system size, and annual energy production. 
To use the calculator, two important pieces of information are required: Lot Area 
and Target EUI for the potential project. Once the lot area and the target EUI value are 
entered, the calculator will automatically produce the outcomes listed above. The 
proposed calculator was created for the Phoenix, Arizona metropolitan area. In order for 
this calculator to function in other locations, one must adjust the EUI values taken from 
DeKay and Brown’s graph, in addition to adjusting the PVWatts calculations within the 
FAR calculator for the desired location. 
Limitations and Future Research  
This research provides a general approach towards the idea of achieving Net Zero 
through the investigation of the relationship between FAR and Net Zero in desert harsh 
climates such as Phoenix, Arizona. The research was developed to answer the question of 
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“How big can a building be and still be Net Zero?” The project deals with two important 
parameters within any architectural project: lot area and energy use intensity. Yet, 
detailed design, building simulation, and technical aspects of Net Zero buildings are 
beyond the scope of this thesis. The research deals with the energy generated on site 
through photovoltaic, neglecting possible shade caused by neighboring buildings. 
To simplify the process of generating the FAR calculator tool, area distribution 
within building site was based on an existing local Net Zero building and areas were 
divided into three segments: building footprint, outdoor circulation, and parking shade. 
This division allowed for a better understanding of the available percentage of lot area to 
be occupied by photovoltaic system. Further analysis of other commercial buildings may 
lead to more distribution of areas, such as adding other percentages for landscape use or 
terraces. 
The FAR Calculator tool requires two important inputs (Lot Area and Anticipated 
EUI) in order for it to calculate the results mentioned earlier in Chapter 4. Those results 
are presented in a form of list to simplify the answer to the proposed question by this 
thesis of when does the concept of Net Zero start to flip and buildings become unable to 
generate the required renewable energy to achieve energy balance. The calculator 
function methodology can be modified and altered in a number of ways for it to calculate 
and present the outcomes depending on which values are known or prioritized. 
The solution provided by this thesis takes into consideration only one renewable 
energy resource, which is solar energy. This focus on solar is due to the availability of 
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solar throughout the year within this particular climate. Further development can be done 
through the investigation of other on-site sources such as wind, as well as off-site 
sources, to further widen the possibility of achieving Net Zero. 
In regards to the available surface areas for photovoltaic installation, the 
calculator accounts for horizontal surfaces for photovoltaic installation which is limited 
to available roof surface and parking shades. The calculator tool can be developed to 
incorporate vertical surfaces such as building elevations to further increase of FAR and 
take advantage of building height for better solar exposure to increase energy generation 
performance. 
The FAR Calculator tool presented as a result of this thesis provides an estimated 
potential renewable energy production based on a fixed solar energy physical 
characteristics such as fixed axis panels facing south (180’), tilt equal to site latitude 
(33.45’), system size of 1 kW which calculates an array area of solar panels equal to 269 
ft. 2 , system loss of 14%, DC to AC ratio of 1.1, Inverter efficiency of 96%, and Ground 
coverage ratio of 0.4.  Changes made to the mentioned specifications may lead to 
enhancements in the energy performance of the potential solar energy production system. 
The area distribution section within the FAR calculator tool estimates the total 
parking area in addition to the potential parking spots by dividing the total parking area 
by 200 square feet as dictated by parking standards. This section of the calculate can be 
developed towards broadening the FAR calculator outcomes into dealing with topics such 
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as Zero Emission Vehicles (ZEV) and parking capacity credits available within green 
building certification programs such as LEED. 
The FAR calculator is designed to provide an answer to what is the maximum 
FAR a building can reach and still achieve Net Zero status in a location such as Phoenix, 
Arizona. This tool can be modified to suit other climate locations through altering the 
solar energy system specifications in the FAR Calculator using NREL’s PVWatts 
Calculator. It is a stand-alone tool function on the basis of Lot Area and EUI and can be 
further developed into a plug in that functions as part of building energy simulation tools 
such as eQuest. 
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APPENDIX A 
FAR CALCULATOR TOOL 
 
MICROSOFT EXCEL PROGRAM 
[Consult Attached Files] 
 
